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The centromere is a genomic locus required for the segregation of the chromosomes during cell division. This chromosomal region together
with pericentromeres has been found to be susceptible to damage, and thus the perturbation of the centromere could lead to the development
of aneuploidic events. Metabolic abnormalities that underlie the generation of cancer include inflammation, oxidative stress, cell cycle

deregulation, and numerous others. The micronucleus assay, an early clinical marker of cancer, has been shown to provide a reliable measure of
genotoxic damage that may signal cancer initiation. In the current review, we will discuss the events that lead to micronucleus formation and
centromeric and pericentromeric chromatin instability, as well transcripts emanating from these regions, which were previously thought to be
inactive. Studies were selected in PubMed if they reported the effects of nutritional status (macro- and micronutrients) or environmental toxicant

exposure on micronucleus frequency or any other chromosomal abnormality in humans, animals, or cell models. Mounting evidence from
epidemiologic, environmental, and nutritional studies provides a novel perspective on the origination of aneuploidic events. Although
substantial evidence exists describing the role that nutritional status and environmental toxicants have on the generation of micronuclei and

other nuclear aberrations, limited information is available to describe the importance of macro- and micronutrients on centromeric and

pericentromeric chromatin stability. Moving forward, studies that specifically address the direct link between nutritional status, excess, or
deficiency and the epigenetic regulation of the centromere will provide much needed insight into the nutritional and environmental regulation
of this chromosomal region and the initiation of aneuploidy. Adv Nutr 2017,8:889-904.
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Introduction

Centromeres are portions of each chromosome that have
fundamental roles during cell division—from duplication
of the genetic material to equal segregation of the chromo-
somes into each new nucleus. However, due to their inher-
ent architectural complexity, our understanding of
centromeric arrangement, assembly, and control is relatively
incomplete (1). The primary function of the centromere is
to allow assembly of kinetochore protein complexes and
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stabilize the pairing of sister chromatids. The subsequent
binding of microtubules, and further mobilization toward
opposite poles, appears to be independent of the centro-
meric DNA sequence. This process strictly relies on the
epigenetic control of the pericentromeric and centromeric
chromatin, as well as chromatin modifiers, which together
with DNA methylation and demethylation events help to es-
tablish the intricate landscape of this essential region (2).
During metaphase, the centromere is a chromosomal re-
gion that holds a primarily constricted arrangement upon
which the kinetochore complex is assembled, thus safe-
guarding the division of sister chromatids. Chronic diseases
such as obesity and cancer (initiation and progression) are
accompanied by chromosomal damage (3), whereas a par-
ticular feature of cancer is the presence of visible cellular
anomalies that clearly indicate the presence of abnormal
ploidy within the dividing cell. Such abnormal chromo-
somal arrangements and segregation aberrations can be ex-
plained to a certain extent by the degree of chromatin
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instability generated during cell division. The link between
chromatin instability and these diseases has been attributed
to changes within the epigenetic landscape (4), which ulti-
mately lead to the deleterious abnormalities that character-
ize disease processes.

Environmental factors, including diet, exert their influence
on cellular homeostasis to a great extent through epigenetic
mechanisms that provide a dynamic link between nutrition and
disease (4). The ability of nutrients to modify the way in which a
cell adapts to the environment through diverse mechanisms, and
how these processes could lead to the development or prevention
of chronic diseases, is the focus of extensive research. The
cytokinesis-block micronucleus assay allows us to assess geno-
toxicity in response to environmental stimuli by detecting af-
fected cells that have a higher propensity of developing a
micronucleus (5-7); however, the mechanisms behind the chro-
mosomal instability (CIN) that leads to the formation of micro-
nuclei are poorly understood. Several molecular processes have
been associated with increased CIN, namely acentric chromo-
some fragments, dicentric chromosomes, telomere-end fusions,
silencing of cell cycle checkpoint genes, centromeric DNA ampli-
fication, and epigenetic regulation of centromeric, pericentro-
meric, and telomeric chromatin. Altogether, these
environmentally sensitive processes may affect the way chromo-
somes segregate during cell division, promoting the build-up of
genetic lesions that could hamper the viability of the cell.

Cell division is an intricate process by which cells duplicate
their genetic material and create 2 identical viable daughter
cells to support cellular regeneration, making the control
and supervision of this process critical for cellular and organ-
ismal survival (8). Given the conspicuous role of centromeric
and pericentromeric regions for the control of chromatin sta-
bility and cellular division, the present review will first
provide a comprehensive overview of what is currently
known about the precise functional roles of the centromere
and pericentromeric chromatin. We will then discuss how
transposons and noncoding RNAs (ncRNAs) affect the con-
densation state of the chromatin. Finally, we will present a
perspective establishing a link between centromere chromatin
instability and environmental and dietary factors that likely
interact to have genotoxic consequences.

Functions, Structure, and Regulation of
Centromeric and Pericentromeric Chromatin
Chromosomes tightly pack and protect genetic information
during cell division to ensure proper segregation of the code
that will help to maintain a cell’s integrity. Despite their dif-
ferent content and appearance, all chromosomes undergo
uniform duplication and preparation during the cell cycle,
as well as the separation of the sister chromatids and the for-
mation of the 2 daughter cells during mitosis. During this
partition, many chromatin structures are of vital importance
for the correct assembly of the kinetochore at the centro-
mere, allowing for the division machinery to pull the sister
chromatids apart toward opposite poles, followed by the for-
mation of the new nuclei, thus guaranteeing equal partition-
ing of genetic information (8).
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Function and structure of centromeric and
pericentromeric DNA

The centromere is a key chromosomal structure whose struc-
ture and the processes that regulate its establishment and func-
tionality have remained elusive even after the conclusion of the
Human Genome Project (9). The challenge for studying cen-
tromeric chromatin likely lies in its highly repetitive nature
(Figure 1), making it virtually impossible to sequence by using
currently available technologies. Centromeric DNA is arranged
in 171-bp tandem repeats of alphoid DNA («a-satellites) rich in
A-T dinucleotides wrapped around centromere-residing his-
tones (10, 11). Together, these components establish the cen-
tromere chromatin assembly that will be strictly regulated
and meticulously folded during cell division to drive cellular
separation. Kapitonov et al. (12) provided a complete analysis
of the different centromeric satellites by describing the nature
of noncryptic centromeric satellites, which are different from
unique genomic DNA and can be divided into classic satellites
L, 11, I11, and IV; these can also be organized according to their
size, conservation, and similarities into 5 suprachromosomal
families. The complexity and high degree of structural varia-
tion highlight the forthcoming challenges for the complete se-
quencing of the mammalian centromere. Adding to this
complexity is the observation that novel ectopic centromeres
or “neocentromeres” can arise at distant genomic locations,
and these do not include any of the features mentioned for
traditional centromeres (13); therefore, although the centro-
meric DNA sequence is not specifically required for the over-
all kinetochore assembly (1, 14), the high degree of sequence
conservation of all centromeres suggests that there might be a
function associated with its sequence. As will be discussed in
later sections, current research has expanded our understand-
ing of the role of these noncoding transcripts (from constitu-
tive centromeric and pericentric heterochromatin) in
kinetochore recruitment and stabilization through their inter-
action with centromeric proteins (CENPs) (14); therefore,
despite the fact that the centromere sequence does not partic-
ipate in the spatial specification, it can regulate the stability of
centromeric chromatin by generating noncoding centromeric
transcripts.

Pericentromeric DNA arrangement is also important for
the maintenance of centromeres and stability of the
kinetochore-centromere interaction. Emil Heitz was the first
to describe pericentromeres as heterochromatic regions in
moss nuclei, observing that such regions forego deconden-
sation after the conclusion of mitosis (15). Subsequently,
numerous studies have found that the heterochromatic state
is crucial for centromere function (16—18). Pericentromeres,
like telomeric regions (19), are gene-poor regions located at
both ends of the centromere chromatin. Their main struc-
tural role is to act as boundary elements to delineate each
arm of the chromosome and the coding regions within. Spe-
cific DNA sequences and chromatin landscape define this re-
gion, having more diverged a-satellite repeats that contain
transposable elements, such as long interspersed element 1
(L1) and short interspersed element (SINE) retrotransposons



FIGURE 1 Centromeric and pericentromeric
DNA. The general sequence of a centromeric
DNA with a 17- or 25-mer basic unit (a)

arranged in a sequential unidirectional fashion
(b), which altogether describes the ~176-bp
satellite repeats that contain different
combinations of the basic units (c). The size
and organization of the a-satellites within the
centromere vary between chromosomes (d).
Nevertheless, transposable elements are found
within pericentromeric regions flanking all
centromeres (e). CEN, Centromeric DNA; LINE,
long interspersed nuclear element; p-arm, small
arm of the chromosome; g-arm, large arm of
the chromosome; SINE, short interspersed
element.
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near the edges (2) (Figure 1). L1 transposons are highly active
and abundant in humans and are a source of interindividual
genetic variation (20), which is due to the ability of these ele-
ments to mobilize and insert at distant genomic locations to
alter the genomic sequence. Despite their evident adjacent lo-
calization on each chromosome, it is clear that the link be-
tween centromeres and pericentromeres does not rely on
their individual DNA sequences, but rather on their comple-
mentary function during cell proliferation. Flanking hetero-
chromatic regions are required for de novo kinetochore
formation, as has been observed when localized heterochro-
matin protein 1 binding is induced, which allows for the
proper kinetochore-centromere interphase assembly (21).
Consequently, assembly of kinetochore proteins and their reg-
ulators is closely dependent on the stability of pericentric re-
gions that, in turn, specify the centromere.

Previous studies considered a-satellite sequences to be
crucial for the interaction between centromeric loci and ki-
netochore proteins, but the discovery of de novo centro-
meres named “neocentromeres” that are located at distant
genomic loci and lack satellite sequences challenged this the-
ory. Current research is attempting to determine the basis
for the formation and persistence of satellite-deficient cen-
tromeres. Recently, it was shown that a full-length L1 retro-
transposon transcript (FL-L1D) is an essential structural and
functional component of the neocentromeric chromatin
(22), which provides a possible mechanism for neocentro-
mere localization and establishment at nonsatellite regions.
The relation between pericentromeric elements and centro-
mere maintenance will be highlighted in later sections.

Centromeric and pericentromeric DNA methylation

DNA methylation is a genomewide epigenetic mechanism
that has proven to be a strong and heritable way to regulate
the expression of many genes. Yamagata et al. (23) described
centromeres and pericentromeres as genomic structures that
can discriminate between the somatic and germ cell lineage
by exhibiting a differential DNA methylation pattern that
can accurately define the fate of the cell, where the germ lin-
eage would display hypomethylated centric and pericentric
DNA. DNA methylation at the centromere is of great impor-
tance for the establishment and maintenance of a competent
chromatin landscape, because studies with maintenance
methyltransferase DNA methyltransferase 1 (Dnmt1) showed
that the loss of CpG hypomethylation in Dnmt1™~ embry-
onic stem cells produced pericentric chromatin reorganiza-
tion that resembled that of the inactive X chromosome, and
the lower methylation levels were accompanied by mac-
roH2A deposition, with re-establishment after treatment
with transgenic Dnmtl (24). RNA transcripts that emanate
from these regions constitute a novel function of centro-
meric DNA methylation, which has challenged the previ-
ously believed “silent centromeric chromatin” hypothesis,
showing their ubiquitous nature in different species (Arabi-
dopsis thaliana, Oryza sativa, Zea mays, Mus musculus, and
Homo sapiens). Therefore, DNA methylation acts as an un-
derlying permissive set of boundaries for transcription,
maintaining the overall hypermethylated state and the inter-
mittent hypomethylated pockets within the centromere. This
explains the tolerance for centromeric transcription without a
compromise for the heterochromatic state (25), which has
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been suggested to be made possible through the positioning
of pericentric nucleosomes (26). Interestingly, at many devel-
opmental stages or during carcinogenesis, pericentromeres
undergo a conformational transformation from either facul-
tative to constitutive heterochromatin, or vice versa. This
switch mechanism is DNA- and H3K9 methylation—sensitive
and is regulated, to a great extent, by BEN domain containing
3, a protein associated with pericentric regions (27). There-
fore, as with all DNA, pericentric DNA methylation appears
to control the binding of many factors that will, in turn, reg-
ulate the state of the chromatin in response to cellular and en-
vironmental cues.

CENP localization and function

Centromeric DNA is closely linked with a great variety of
proteins, including histone H3 variant CENP-A, CENP-B,
CENP-C, and a specific H3-CENP-T/W (8), all of which
constitute a DNA-associated protein network (21). These
CENPs perform a variety of functions—acting as histones,
DNA-binding proteins, and scaffolding structures—thus
regulating both the chromatin state and centromeric func-
tion. Westhorpe and Straight (28) provide a complete archi-
tectural view of CENP-A and other centromere-specific
DNA-binding CENPs and their post-translational modifica-
tions that participate in the epigenetic control of chromo-
some segregation.

CENP-A as the key centromeric identifier. It is thought
that the deposition of CENP-A, rather than the underlying
DNA sequence, is the hallmark of all functional centromeres.
Octameric CENP-A nucleosomal arrangements at human
centromeres provide a looser DNA terminus and fewer base
pairs (121 bp) than the conventional H3 nucleosomes
(29, 30), constituting the fundamental unit of epigenetic
specification of the centromere (31). Consequently, elegantly
distributed arrays of CENP-A nucleosomes and their tails
harness the functionality of the centromere and ensure the
attachment of the necessary centromere-kinetochore intermediate
protein complex (32). Thus, without CENP-A nucleosome
establishment at centromeres, the structural arrangement
that leads to the kinetochore assembly would not occur.
During mitosis, every component of the cell, including
CENP-A, needs to be correctly positioned for the division
event to proceed. The intrinsic properties of CENP-A allow
it to regulate its “cell cycle-restricted assembly” and its “quan-
titative mitotic transmission,” which depend on the CENP-A
targeting domain (CATD), guiding the future position of the
centromere (33). CENP-A overexpression in aggressive can-
cers was shown to produce their ectopic accumulation driven
by the Death domain—associated protein (Daxx) histone cha-
perone, which was able to promote a higher tolerance toward
DNA damage, prevent transcription factor CCCTC-binding
factor (CTCF) binding and, in turn, remodel adjacent chro-
matin (34). In Arabidopsis, the reduced-fertility phenotype
was caused by the depletion of centromeric histone 3
(CENH3) (CENP-A homolog), thus causing its deficient
loading onto the centromere and consequent missegregation
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of chromosomes, leading to increased micronucleus forma-
tion (35). Therefore, any perturbation in CENP-A expression
or loading could ultimately lead to mitotic defects that com-
promise cell division.

The temporal distribution of the CENPs throughout the
cell cycle demands rigorous control, which is particularly
true for CENP-A, which constitutes a hallmark for epige-
netic maintenance of centromere positioning (33). At the
first stages of the cell cycle, CENP-A histones are loaded
onto the centromere, advancing to the S phase to achieve
centromeric DNA duplication, which leads to the dilution
of CENP-A to half of that which continues through the
cell cycle. By the G2 phase, more CENP-A is synthesized
and incorporated into a soluble preloading complex with his-
tone H4 and the Holliday junction recognition protein sup-
pressor of chromosome mis-segregation 3 (HJURP®™)
chaperone (36), thus facilitating its deposition at the centro-
mere, which does not happen until the late stages of mitosis
and G1 phase (37). The mechanism by which the HJURP
chaperone directs the temporal localization of CENP-A was
recently described by Wang et al. (38) to occur through the
interaction of HJURP with the mitotic regulator Mis18f3,
and possibly by its recognition of histone 3 lysine 4 dimethy-
lation (H3K4me2), as observed in human artificial chromo-
somes (39). Therefore, the loading of CENP-A at the
centromeres is regulated by many cell cycle—specific protein
complexes, which monitor the proper arrangement and spacing
of CENP-A nucleosomes at the centromere. Similarly, in rice
(O. sativa), the deposition of CENH3 (CENP-A homolog)
is bordered by differentially methylated satellites of cen-
tromeric DNA, and these regions of DNA hypomethylation
help to discriminate from surrounding H3 regions and establish
precise CENH3 localization (40). Likewise, heterochromatic
pericentromeric-specific histone modifications and their modi-
fiers Suv39, Dicer, Chpl [RNA-induced initiation of transcrip-
tional silencing complex (RITS) component, described in later
sections], and Swi6 (HPla in humans) are also able to direct
the deposition of CENP-A to the centromere, as seen in fission
yeast (41). Therefore, it is evident that the CENP-A nucleosome
establishment is the result of a concerted effort from both chro-
matin modifiers and pericentromeric heterochromatin.

The role of the constitutive centromere assembly
network. Kinetochore assembly requires not only CENP-A
but a vast variety of scaffolding proteins that will, at the
appropriate time, provide a bridge between centromeric
chromatin and the expanding microtubules. Several centro-
meric proteins have been proposed to bind to CENP-A and
facilitate the assembly of the centromere. CENP-C, which is a
component of the constitutive centromere assembly network
(CCAN), is thought to directly bind to CENP-A and provide a
stable scaffold for the recruitment of other CCAN proteins
(42), which guarantees centromeric-specific recognition at the
time of CCAN assembly.

Another relevant protein is CENP-B, a highly conserved
protein of the mammalian CCAN (43) that binds centro-
meric DNA with high affinity. It was found that CENP-B



is a target of a-N-methyltransferases in humans, which en-
hances CENP-B binding through trimethylation, which
might alter assembly, disassembly, or maintenance of the cen-
tromere (44). The functions of CENP-B extend beyond the
simple scaffold forming; in Schizosaccharomyces pombe, a
member of the CENP-B family, Abp1, has been shown to as-
sociate with H3K4 methyltransferase Setl and recruit class
I/IT histone deacetylases to repress the activation of Tf2 long
terminal repeat (LTR) retrotransposons, presumably by
long-range chromatin organization regulation (45). Thus,
CENP-B not only functions as a centromere-specific scaffold
but also as a recognition epitope for important chromatin
modifiers. Interestingly, the methylation state of the centro-
mere has been found to interfere with the binding of
CENP-B, which, in turn, is known to interact with alphoid se-
quences by recognizing the 17-bp CENP-B box (46, 47). In
this case, the increased methylation state, when located at
the CENP-B box, restricts the access of CENP-B to its target
sequence (48), altering the consecutive CCAN protein
association.

Similar to CENP-A, other proteins that contain a histone
fold have been proposed to be present at centromeric regions.
For instance, CENP-W is a newly identified centromeric
chromatin protein that can bind nucleolar component (nu-
cleophosmin, B23), and thus it has been proposed to bind
RNA and DNA (49), which, in turn, may confer stability to
the centromere. CENP-W associates with other proteins
that contain histone properties like CENP-T to form a dimer,
and the dimer, in turn, can bind CENP-S/X to form a heter-
ogeneous tetramer CENP-T/W/S/X (28). However, further
research needs to be conducted to detect the proposed assem-
bly of CENP-T/W/S/X heterotetramers within centromeres.
In a similar way, recent data suggest a novel role for proteins
CENP-C and CENP-I of the CCAN, which work together to
recruit M18BP1 of the Mis18 complex of the kinetochore and
further direct the incorporation of CENP-A to the centro-
meric nucleosomes (50).

CENPs are vital for the specification of centromeric chro-
matin, but only constitute a small proportion of the kineto-
chore and centromere components required for the separation
of chromatids. Numerous additional proteins and processes
take place during kinetochore assembly and arrangement of
the centromeric chromatin (51). Such processes include
post-translational modifications to histone tails or chromatin
remodeling events that allow additional protein complexes to
direct the kinetochore apparatus to the centromere. Although
not discussed in this review, it is important to note that chro-
matin modifiers and non—CENP-interacting proteins (KMN
complex, Chromosome Passenger Complex, Spindle Assem-
bly Checkpoint, and many others), constitute an important
regulatory network that acts as a surveillance mechanism to
further guide the centromere-kinetochore interaction.

Centromeric and Pericentromeric ncRNAs

As discussed previously, the interaction of centromeric and
pericentromeric chromatin architectures, as well as the re-
cruitment of chromatin remodelers, are crucial for the

appropriate conformation of the centromere; however, the
discovery of centromeric and pericentromeric transcripts
have contributed to the understanding of the complexity
of the centromere chromatin assembly (13, 52, 53).

Centromeric and pericentromeric ncRNAs can be short
or long nucleotide sequences that are transcribed from spe-
cific regions that were once thought to be inactive, because
they are buried within heterochromatin segments. More re-
cently, it was shown that together with histone modifica-
tions, centromere transcriptional regulation functions as a
key recruitment factor for centromere proteins and assem-
bly of CENP-A domain, which, in turn, provides another
layer of regulation to the already intricate centromere-
kinetochore interaction (54). The relevance of such tran-
scripts thought to be nonexistent and nonfunctional is
that they are actually vital for different cellular processes,
such as cell growth and differentiation, stress, and affect
of chromatin organization (52). Therefore, the existence of
conserved sequences at the centromeric region appears to
defy the assumption that satellite sequences are not crucial
for the stability of the centromeric chromatin.

Centromeric and pericentromeric transcript
biogenesis

The transcripts emanating from centromeric regions are im-
portant in helping to strengthen the interactions that produce
heterochromatic environments at centromeric regions, and
thus their regulation needs to be closely supervised. To
date, 3 mechanisms for heterochromatin formation have
been proposed in fission yeast (S. pombe). First, an interfer-
ence RNA (RNAi) pathway through the RNA-dependent
RNA polymerase (RDRP) produces a double-stranded peri-
centric transcript that is further chopped by Dicer,
yielding a small interfering RNA (siRNA) that can bind
RITS, which, in turn, mediates the coupling with a nascent
pericentric transcript capable of recruiting the CLRC (Clr4
complex) histone methyl transferase complex that is vital
for heterochromatin maintenance. A second mechanism by-
passes RDRP through a secondary stem loop structure.
Finally, a third (but poorly understood) proposed mechanism
appears to be RNAi independent, possibly comprising exoso-
mal processing (55), which is mediated by 3’-5’exonuclease
Triman in association with Argonaute, which produce mature
primary microRNA and siRNAs, in turn producing de novo
assembly of heterochromatin at centromeric repeats (56).
However, hypermorphic transcription of centromeric retro-
elements results in the disruption of CENP-A localization,
thus contributing to centromere chromatin instability in the
tammar wallaby model (Macropus eugenii) (57). Therefore,
the known pathways that lead to the production of functional
ncRNAs are diverse, but the end result appears to be the pro-
duction of transcripts that stabilize heterochromatic settings
for the proper functioning of the centromere.

An association between the modifications produced by
the action of the transcripts and the transcripts themselves
appears to be that of a positive feedback loop that reinforces
the generation of heterochromatin. As discussed in the
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context of chromatin organization, different histone modifi-
cations can regulate the interaction of the histone core and
the bound DNA; in the case of the centromere, modifica-
tions on CENP-A and similar centromeric-specific proteins
have a profound impact on the structural organization that
will determine the proper function of the centromere-
kinetochore complex. The transient mono-ubiquitination
of centromeric H2B is able to increase transcription of cen-
tromeric elements in S. pombe and human cells, a process
that is cell cycle-dependent and primarily regulated by
RNF20. The loss of this enzyme produces centromere inac-
tivation and kinetochore assembly failure (58). Thus, neigh-
boring histone modifications mediate the transcription of
centromeric elements, which, in turn, promotes the consol-
idation of heterochromatic boundaries. Recently Liu et al.
(59) were able to dissect the intricate role of centromeric
transcripts on the stable localization of Sgol, the cohesion
protector. As the transcripts are emanating from the centro-
mere by the action of Pol II, Sgol is recruited and thus sister
chromatid cohesion is enabled.

Given their linear proximity, ribosomal DNA repeats em-
bedded within centromeric sequences allow for their associa-
tion with the nucleolus, highlighting the importance of such
structures and the establishment of heterochromatin. For in-
stance, TIP5, a component of the nucleolar-remodeling com-
plex, is able to mediate heterochromatin formation, as well as
maintain the silencing of centromere-adjacent ribosomal
RNA genes and of major and minor satellite repeats (60).

The role of Dicer-mediated RNAi formation on
centromeric chromatin stability

The role of RNAI in the formation and maintenance of cen-
tromere and pericentromeric chromatin has been established
in several vertebrate models. Dicer and convergent antisense
transcription are crucial for primary siRNA generation, be-
cause these promote heterochromatin formation by establish-
ing the H3K9 methylation marks (H3K9me) that are
normally present at centromeres (61), thus exerting a critical
role in centromeric chromatin stability. In zebrafish, for ex-
ample, Dicer] knockout and knockdown by target-selected
inactivation produce developmental arrest at day 10 with a
concomitant microRNA decrease, indicative of Dicer’s deci-
sive role in vertebrate development (62). Moreover, targeted
replacement of the RNase III domain of Dicerl in mice
with a PGK-neo" expression cassette generates a lethal pheno-
type (63). Conditional targeting of mouse embryonic stem
cells through Cre-loxP technology produced a viable cell
with defective differentiation accompanied by reduced DNA
methylation and H3K9me3 at the pericentric regions (64).
Together, this underscores the critical function of the Dicer
enzyme in stem cell maintenance during early developmental
stages, by promoting other epigenetic events at centromeric
regions.

In a similar way, the absence of Dicer generates defects in
cell division. The loss of Dicer function is linked to the in-
creased accumulation of o-satellites from centromeric
DNA in Dicer-mutant chicken-human hybrid DT40 cells
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that contain human chromosome 21, and the increase in
centromeric transcripts was accompanied by aberrant local-
ization of heterochromatin proteins Rad21 and BubR1 (65).
Chan and Wong (54) provide a broad list of transcripts orig-
inating from these regions that can be detected in different
model systems. The RNA-processing enzyme Dicer is thus
an unequivocally vital component for the recruitment of
several chromatin modifiers and for stimulation of epige-
netic changes within centromeric regions.

Transcriptional regulation of centromeric and
pericentromeric chromatin

Different environmental factors that induce physiologic
stress produce DNA damage and oxidative stress can affect
the transcription pattern of pericentromeric regions (66).
Jolly et al. (67) discussed, for the first time to our knowledge,
how environmental stress—induced heat shock transcription
factor 1 (HSF1) activation leads to the formation of nuclear
stress granules, structures thought to increase transcription
of centromeric Satellite III (Sat-III) due to their association
with RNA pol II, showing the close relation between envi-
ronmental stress and centromeric repeat transcription.
The transcriptional regulation of heterochromatic regions
in response to physiologic stress indicates that, upon induc-
tion of cellular stress (autophagy, senescence, oxidative
stress, inflammation, etc.), silent centromeric regions will
be upregulated, which, in turn, can regulate protein synthe-
sis (68). Certain compounds can induce transcription of
Sat-III repeats to different extents; etoposide, aphidicolin,
and methylmethane sulfonate have a low effect, followed
by UV radiation type C and hyperosmotic stress; and finally,
heat shock and cadmium are strong inducers of Sat-III tran-
scription (69). Interestingly, the application of physiologic
heat shock produces the accumulation of histone chaperone
Daxx at centromeric and pericentromeric regions where
it mediates the incorporation of H3.3, and the depletion of
Daxx produces an epigenetic landscape switch by increasing
active H3K4me2 at pericentromeres (70), which would lead
to altered transcript expression and abnormal centromere
function.

Other satellite repeat transcripts have been found to be
critical for chromosomal segregation. For example, the si-
lencing of Sat-1 caused abnormal segregation and an aber-
rant nuclei phenotype, accompanied by increased Aurora
B kinase activity and Chromosome Passenger Complex dis-
lodgment from the centromere (71). Transcription of cen-
tromeric and pericentromeric transcripts seems to be a
conserved mechanism in response to cellular stress. In Arabi-
dopsis, transient induction of transcripts originating from
heterochromatic loci is achieved after exposure to different
temperature conditions, bypassing repressive epigenetic
marks (72). Interestingly, the presence or absence of both
centromeric and pericentric transcripts is indicative of epi-
genetic deregulations in response to cellular stress that
lead to cancer (73). The dynamic nature of centromeric
and pericentromeric transcripts shows the plasticity of the
heterochromatin at these genomic loci; therefore, regardless



of the source of cellular stress, the impact on the stability of
the centromere and its transcripts appears to be altered.

As discussed previously (“Centromeric and pericentro-
meric transcript biogenesis”), several advances have uncov-
ered the many pathways in which ncRNAs participate in
centromere stability; however, more recently, the emerging
role of ncRNA has focused on the initiation and progression
of cancer. Particularly, the expression of satellite ncRNAs
(satncRNAs) that are able to enhance the carcinogenic poten-
tial (74, 75), as seen in many types of cancer such as breast,
pancreatic, colon, hepatocellular, ovarian, lung, kidney, pros-
tate, etc., indicates the importance of such transcripts during
oncogenesis (76). The putative pathways that seemed to be
mediated by satncRNA have been reviewed elsewhere, includ-
ing but not limited to CIN, abnormal chromosomal segrega-
tion, epigenetic remodeling, centromeric function, apoptosis,
and cell cycle control (75-77). Interestingly, the transcripts
from human satellite II (HSATII) were linked to the RNA-
driven genomic expansion, given their ability to form
cDNA leading to the formation of DNA-RNA hybrids that
further incorporate into pericentromeres in various human
colon cancer cell lines (77). Furthermore, the presence of
HSATTI or GSATII (gamma satellite IT) can be used as a bio-
marker, given that the higher ratio of HSATII to GSATII in
serum is decreased in patients with cancer, contrary to the in-
tracellular ratios (78). The discovery of novel biomarkers of
CIN will allow for earlier detection and diagnosis of aneu-
ploidy that might be caused by abnormal expression of cen-
tromeric or pericentromeric repeats.

Tumor suppressor genes such as PTEN and p53 regulate
the progression of cancer, and in a recently described func-
tion, stabilize factors of centromeric and pericentromeric
chromatin by regulating the transcripts emanating from
these regions. For instance, PTEN interacts with pericentro-
meric chromatin modifier HP1a to prevent the H4K16 acet-
ylation and stabilize the condensed chromatin state, thus
repressing transcription (79). Similarly, p53-deficient mouse
fibroblasts showed a 150-fold increase in transcription of
SINE B1 and B2; therefore, p53 and the activation of IFN-I,
as well as changes in DNA methylation, are able to regulate
centromeric instability and thus lead to carcinogenesis (80).
The downregulation of satncRNA by tumor suppressor genes,
namely p53 and PTEN, provides a novel regulatory mecha-
nism for the prevention and treatment of cancer but also
highlights the importance of centromeric chromatin and
transcript stability. In summary, transcripts that originate
from these genomic loci are necessary to couple environmen-
tal signals with centromere assembly (Figure 2).

Environmental Signals and Centromeric
Chromatin Instability

Metabolic status, macronutrients, and

chromatin instability

The stability of the chromatin and the switch between eu-
chromatin and heterochromatin readily respond to environ-
mental cues. Epidemiologic studies have shown that
nutritional status (taking into account the intake of both

macro- and micronutrients) is a substantial predictor of
health outcomes, and the intake of both macro- and micro-
nutrients has been associated with CIN, either by oxidative
DNA damage or dysfunctional telomeres (3, 81). In addition,
Andreassi et al. (3) described the increased occurrence of mi-
cronuclei in patients with obesity, metabolic syndrome, dia-
betes, and cardiovascular disease, and recognized that the
link between such pathologies and the generation of DNA
damage requires further research. Although evidence is lack-
ing to directly link metabolic abnormalities with chromo-
somal damage and malsegregation, overnutrition and
physical inactivity are associated with an increased oxidative
and inflammatory environment that, in turn, affects DNA
function. Furthermore, several diseases that have a metabolic
component, including polycystic ovary syndrome, cardiovas-
cular disease, metabolic syndrome, and type 2 diabetes, are all
strongly associated with the occurrence of micronuclei (3). In
obese subjects, increased BMI was associated with a higher
frequency of micronuclei, nucleoplasmic bridges, and nuclear
budding, which highlights the generation of genotoxic dam-
age in overweight and obese patients (82). Furthermore,
type 2 diabetes is also associated with higher sister chromatid
exchange, which enhances the rate of chromosomal aberra-
tions (83), thus promoting abnormal cell division. Although
the precise mechanisms that link metabolic disorders with
chromatin instability remain poorly understood, metabolic
diseases are characterized by underlying oxidative stress,
which, in turn, causes damage to the DNA. For instance, in
hepatocellular carcinoma, the presence of oxidative stress
and inflammation leads to epigenetic instability that modifies
the methylation status of DNA at different genetic loci, in-
cluding tumor suppressor gene promoters, repetitive ele-
ments, and satellite DNA (84), which provides a probable
link between metabolic status and the initiation of CIN. It
has also been shown that under oxidative stress conditions,
the addition of 1-10 pg DHA/mL to astrocyte cell culture
(APOE €3/¢3 and €2/€4 genotypes) was able to protect against
H,0, genotoxic damage by decreasing the occurrence of mi-
conuclei (85). Moreover, protein-energy malnutrition has
been found to induce chromosomal aberrations (86-88),
and this phenotype was rescued by ZnSO, supplementation
(87). Therefore, whether through increased inflammation
and oxidative stress or via direct epigenetic landscape remod-
eling of crucial loci, macronutrient balance is likely perceived
by the many nutrient-sensing mechanisms and can modify
the balance within the cell (89), potentially leading to ge-
nomic instability (Figure 2). Table 1 summarizes the evidence
for the relations between metabolic status or macronutrient
intake and micronucleus frequency or DNA damage.

Micronutrients and chromatin instability

Micronutrients act as cofactors or coadjuvators for numer-
ous enzymatic functions, and their deficiencies have been as-
sociated with a higher rate of chromosomal abnormalities,
as characterized by micronucleus formation (96). For in-
stance, folate is a micronutrient that participates as a methyl
donor in one-carbon metabolism, DNA synthesis, and cell
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FIGURE 2 The impact of environmental factors on the stability of chromosomes. Mechanisms by which dietary and environmental
factors can affect centromeric and pericentromeric chromatin stability, as well as telomeric integrity (A); cellular division is interrupted
at metaphase by a deficient centromere-kinetochore interphase possibly due to altered centromeric and pericentromeric transcripts,
which leads to the lagging of the chromatid (B); chromosomal aberrations that can be observed under the microscope include
nucleoplasmic bridges, nuclear budding, and micronucleus formation (C). me, methyl group; ncRNA, noncoding RNA.

division. Folate deficiency, as assessed by low homocysteine
concentrations, was rescued by the supplementation of folic
acid, which was able to reduce the number of structural chro-
mosomal aberrations (97, 98). Similar scenarios have also been
observed for deficiencies in vitamin B-12, riboflavin, vitamin
A, and minerals such as calcium and zinc (99). Conversely, sup-
plementation with folic acid (97, 100-108), riboflavin, panto-
thenic acid, biotin (4), cobalamin (93, 103), vitamin C
(109-115), vitamin E (114), and vitamin A and its deriva-
tives (107, 112) was associated with decreased genotoxic damage
and micronucleus reduction (4). Much research has been con-
ducted to show the effects of folic acid supplementation and fo-
late status on reduced micronucleus frequency. However,
limited information is available on the mechanisms that under-
lie the prevention of these aberrations (centromeric or telomeric
instability or both). Furthermore, more data are needed on
whether other micronutrients may have effects on micronucleus
frequency. Table 2 summarizes studies that focus on dietary sta-
tus and micronutrient supplementation and their associations
with micronuclei, nucleoplasmic bridges, and DNA damage.

Environmental toxins and chromatin instability

Exposure to environmental toxicants has also been shown to
induce higher gentoxic alterations. The use of common or-
ganophosphorus pesticides is linked to elevated DNA dam-
age in human lymphocytes, and both DNA damage and
micronucleus frequency in liver hepatocellular carcinoma
(HepG2) cells (118). A comprehensive review on the geno-
toxic effect of commonly used pesticides by persons in the
work place and those employed in the chemical industry
was conducted by Bolognesi et al. (5), highlighting the impor-
tance of genotoxic biomonitoring in human populations who
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might be at a greater risk of cancer. Interestingly, many of the
studies on increased micronucleus frequency in pesticide-
exposed populations have established the incidence of specific
polymorphisms within Paraoxonase 1 (PON1), an enzyme
that detoxifies organophosphates (5, 119). This is an example
of a gene-environment interaction that could help explain the
modification of the relation between occupational exposures
and aneuploidic events by genotype. In addition, in human
colorectal carcinoma RKO cells with the functional tumor
suppressor gene p53, exposure to cytotoxic agents induced
both p53 and chromosomal damage (micronucleus), showing
a direct relation between tumor suppressor gene expression
and the induction of micronuclei (6). Therefore, the exposure
to environmental insults can significantly induce CIN,
which, in turn, can lead to the initiation or progression of
aneuploidic events. A complete review of the causes of ge-
nomic instability was conducted previously for low-dose
chemical exposure (120). Failure to repair chromosomal ab-
normalities in response to chronic exposures will ultimately
lead to aneuploidic events, and although many environmen-
tal cues are known to affect micronucleus frequency, little is
known about the regulation of centromeric and pericentro-
meric chromatin by environmental or nutritional signals.

Fetal programming and chromatin instability

Fetal programming of chronic adulthood diseases occurs
through the transplacental communication of maternal
stress, nutrition, xenobiotic exposure, etc., to the fetus,
which ultimately affects the heath of the offspring. Recently
it was described that the Ponl gene in rats is susceptible to
epigenetic modifications induced by a maternal high-fat
diet. Such changes to histones at the promoter region of the
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gene might have sex-specific consequences for the function of
the antioxidant defense system in the offspring (121). Mater-
nal caloric overnutrition has the capacity to modify the epige-
netic landscape of several antioxidant mechanisms in the
offspring (122), as well as impair the inflammatory response
(123), thus contributing to disease susceptibility of the
offspring later in life. Maternal exposure to environmen-
tal toxicants can also affect fetal development. A study by
Levario-Carrillo et al. (124) used a cytokinesis block mi-
cronucleus cytome to assess the frequency of micronuclei
in cells from cord blood and found that the frequency at
which aneuploidic events occur was intimately related to
the maternal geographic environment (urban or rural) as well
as to pregnancy outcomes. Furthermore, there was a positive
correlation between micronucleus frequency between mothers
and their newborns. Although additional research is greatly
needed, these data suggest that the maternal environment
has the ability to both alter maternal physiology and shape
the offspring’s susceptibility to CIN. The regulation of chro-
mosomal stability depends entirely on the antioxidant systems
and the repair mechanisms that monitor the progression and
fidelity of the genetic material during cell division.

The direct mechanisms linking the fetal environment, chro-
mosomal abnormalities, and adulthood diseases remain poorly
understood and require further research. It is possible that the
initial genotoxic insults in utero (in response to diet or other
maternal environmental factors) could affect not only the ex-
pression of the genes within each chromosome but the struc-
tural properties of the chromosome itself, either by a genetic
mutation or epigenetic modification. Nucleoplasmic bridges,
telomere-end fusions, nuclear budding, and other chromo-
somal abnormalities were found to be good predictors of sev-
eral carcinomas or the advancement of chronic metabolic
illnesses. The methylation pattern of satellite DNA from cen-
tromeres and pericentromeric regions is consistently present
in most carcinogenic processes (125-127) in response to stress
signals (128, 129), which can be mediated by the overexpres-
sion of DNA methylases (130, 131). Similarly, abnormal over-
growth and differentiation of the placenta result in the
hypomethylation of L1 repetitive element (132). The abnormal
hypo- or hypermethylated state thus translates into the inability
of chromosomes to segregate appropriately during mitosis
(133). Repetitive elements, such as satellite DNA or pericentric
transposable elements, are ultimately the targets that are more
susceptible to epigenetic regulation by diet (134).

Conclusions

Cancer initiation and progression have been the focus of in-
tensive research for many years. The lifestyle factors that un-
derlie the generation of cancer likely act by causing systemic
inflammation, oxidative stress, cell cycle deregulation, and
DNA damage, among numerous others (81). This multitude
of mechanisms only explains in part the forces that drive aneu-
ploidic events, but the micronucleus assay has become indis-
pensable for accurately assessing the earliest cellular events
that may drive aneuploidy in response to genotoxic stimuli.
Many environmental and dietary factors have been proposed
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to cause the initiation of DNA damage, centromeric and telo-
meric instability, and telomeric fusion (5-7). Transcriptional
control of centromeric and pericentric transcripts that ema-
nate from previously thought silent heterochromatic regions
expands our understanding of how the centromere is stabi-
lized; whether and how diet and the environment may prime
the chromatin at these regions has not been assessed.

Current research has focused on defining the mechanisms
that contribute to the establishment and preservation of the
chromatin within centromeres; however, only limited re-
search has explored the effects of environmental factors that
can promote either stability or imbalance of the centromeres
(3, 8, 81). Studies that address the direct link between nutri-
tional excess or deficiency and the methylation status of the
centromere will help expand the relation between nutritional
and environmental cues and the plasticity of this epigenetic
mark within this chromosomal region. Moreover, the effect
that such methylation modifications have on the establish-
ment of centromeric proteins and the kinetochore machinery
will provide more evidence on the influence of nutritional ad-
equacy on cell division and viability. Finally, given the recent
discovery of centromeric and pericentromeric transcripts and
their role in the complex centromere chromatin assembly (76,
77), future studies should assess the transcriptional regulation
of such regions in response to different environmental stimuli.
Given the inflammatory and oxidative nature of metabolic dis-
eases (e.g., obesity, diabetes, metabolic syndrome, and cardio-
vascular disease), more research is also needed to determine
whether metabolic abnormalities are accompanied by the gen-
eration of DNA damage within the centromeres or telomeres,
leading to chromosomal missegregation.

There is mounting evidence from epidemiologic, environ-
mental, and nutritional studies that lifestyle and dietary factors
affect the origination of aneuploidic events. Nevertheless, more
studies in humans, animals, and cell models are needed to un-
derstand the epigenetic regulation of the centromere in re-
sponse to nutritional or environmental stress, and how this
accounts for the initiation of aneuploidy.
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